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Background: A novel family of intracellular Ca2+-release channels termed two-pore channels (TPCs) has been
presented as the receptors of NAADP (nicotinic acid adenine dinucleotide phosphate), the most potent Ca2+
mobilizing intracellular messenger. TPCs have been shown to be exclusively localized to the endolysosomal
system mediating NAADP-evoked Ca2+ release from the acidic compartments.
Objectives: The present study is aimed to investigate NAADP-mediated Ca2+ release from intracellular stores
in the megakaryoblastic cell line MEG01.
Methods: Changes in cytosolic and intraluminal free Ca2+ concentrations were registered by ﬂuorimetry using
fura-2 and fura-ff, respectively; TPC expression was detected by PCR.
Results: Treatment of MEG01 cells with the H+/K+ ionophore nigericin or the V-type H+-ATPase selective
inhibitor baﬁlomycin A1 revealed the presence of acidic Ca2+ stores in these cells, sensitive to the SERCA
inhibitor 2,5-di-(tert-butyl)-1,4-hydroquinone (TBHQ). NAADP releases Ca2+ from acidic lysosomal-like Ca2+
stores inMEG01 cells probablymediated by the activation of TPC1 and TPC2 as demonstrated by TPC1 and TPC2
expression silencing and overexpression. Ca2+ efﬂux from the acidic lysosomal-like Ca2+ stores or the
endoplasmic reticulum (ER) results in ryanodine-sensitive activation of Ca2+-induced Ca2+ release (CICR)
from the complementary Ca2+ compartment.
Conclusion: Our results show for the ﬁrst time NAADP-evoked Ca2+ release from acidic compartments
through the activation of TPC1 and TPC2, and CICR, in a megakaryoblastic cell line.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Cytosolic free Ca2+ concentration ([Ca2+]c) signaling is a key event
in cell function. Activation of membrane receptors increases [Ca2+]c
via two mechanisms: Ca2+ release from agonist-senstive Ca2+
compartments and Ca2+ entry through plasma membrane channels.
The endoplasmic reticulum (ER) is the most widely accepted and
extensively investigated agonist-sensitive Ca2+ store and probably
represents the major Ca2+ store in most cell types [1]. Ca2+ release
from the ER has been reported to occur through the occupation of two
different types of Ca2+-release channels, namely inositol 1,4,5-
trisphosphate (IP3) and ryanodine receptors (RyR), by IP3 and cyclic
ADP-ribose, respectively [2–4]. In addition, other cellular organelles,
such as the nuclear envelope or the Golgi apparatus, are also able to
store Ca2+ and release it upon cell stimulation with physiological
agonist [5–7], which, as well as the ER, maintain a Ca2+ gradient
across their membranes as a direct consequence of the activity ofy, University of Extremadura,
27257110.
l rights reserved.different P-type Ca2+-ATPases, such as the sarco/endoplasmic
reticulum Ca2+ ATPase (SERCA) or the secretory pathway Ca2+-
ATPase.
There is increasing evidence that acidic organelles play an
important role in cellular physiology acting as agonist-sensitive Ca2+
compartments. Ca2+ accumulation in these organelles occurs in a
more indirect manner, driven by the proton gradient generated across
their membranes by a V-type H+-ATPase, that supports a Ca2+/H+
exchange mechanism mediated by the cooperative activity of a Na+/
H+ and a Na+/Ca2+ exchangers [8,9]. Ca2+ mobilization from the
acidic Ca2+ stores has been reported to occur through the generation
of nicotinic acid adenine dinucleotide phosphate (NAADP), a potent
Ca2+-mobilizing messenger ﬁrst described in sea urchin eggs [10].
NAADP mobilizes Ca2+ through activation of a novel family of Ca2+-
permeable channels, the two-pore channel (TPC) family [11,12]. Three
TPC isoforms have been identiﬁed,with TPC1 and TPC2 bothmediating
NAADP-induced Ca2+ release, and TPC3, a pseudogene in humans and
other primates [13,14]. TPC1 is the major isoform in NAADP-
responsive cell, while TPC3 appears to be absent in certainmammalian
cells [15]; however TPC family members have not been identiﬁed in
the megakaryoblastic lineage.
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reported tomobilize Ca2+ from the ER through the Ca2+-inducedCa2+
releasemechanism [2]. Therefore, NAADPmight act as a trigger during
agonist-stimulated Ca2+ mobilization and might be upstream of the
Ca2+ signals generated by the messengers, IP3 and cyclic ADP-ribose
[2,15]. Given the importance of NAADP in agonist-induced Ca2+
signalingwe have investigated the role of NAADP in Ca2+mobilization
in themegakaryoblastic cell lineMEG01, paying particular attention to
the existence of acidic organelles and the expression of TPC isoforms in
these cells. These cells retain a number of cellular responses similar to
platelets and megakaryocytes and allow the use of molecular biology
techniques, such as protein overexpression and silencing; therefore,
MEG01 cells are an excellent model to further investigate intracellular
signaling events in cells of the megakaryoblastic lineage.2. Material and methods
2.1. Materials
Fura-2/AM and fura-FF/AM were from Invitrogen (Barcelona,
Spain). Nicotinic acid adenine dinucleotide phosphate (NAADP),
rotenone, olygomycin, thapsigargin (TG), 2,5-di-(tert-butyl)-1,4-
hydroquinone (TBHQ), nigerycin, glycyl-L-phenylalanine-ß-naphthy-
lamide (GPN), baﬁlomycin A1, anti-TPC2 antibody, anti-actin anti-
body and bovine serum albumin (BSA) were from Sigma (Madrid,
Spain). Ryanodine, anti-SERCA3 (PL/IM430) antibody, anti-TPC1
antibody and anti-LAMP-2 antibody were from Santa Cruz Biotech-
nology (Santa Cruz, CA, U.S.A.). Anti-PDI and anti-cathepsin D
antibodies were from Abcam plc. (Cambridge, UK). All other reagents
were of analytical grade.2.2. Cell culture
The human megakaryoblastic cell line MEG01 was obtained from
ATCC (Manassas, VA, USA) and cultured at 37 °Cwith a 5% CO2 in RPMI
media, supplemented with 10% fetal calf serum, 2 mM L-glutamine
and 50 μg/mL gentamycin.
Plasmids encoding wild-type TPC1 and TPC2, as well as shRNA,
complementary oligonucleotides corresponding to a TPC1 target
sequence (5′-CGAGCTGTATTTCATCATGAA-3′), TPC2 target sequence
(5′- CAGGTGGGACCTCTGCATTGA-3′) or control sequence (5′-
AATTCTCCGAACGTGTCACGT-3′) were kindly provided by Dr. Patel
and described previously [12]. Cells were transiently transfected with
plasmid DNA or shRNA using the Amaxa Nucleofection system, and
used 1–3 d after transfection as previously described [12].2.3. Measurement of cytosolic free calcium concentration ([Ca2+]c)
MEG01 cells were loaded with fura-2 by incubation with 2 μM
fura-2/AM for 45 min at 20 °C. Cells were then collected by
centrifugation at 150×g for 4 min and resuspended in HEPES-
buffered saline containing (HBS in mM): 145 NaCl, 10 HEPES, 10 D-
glucose, 5 KCl, 1 MgSO4, pH 7.45, and supplemented with 0.1% (w/v)
bovine serum albumin. Fluorescence was recorded from 2 mL aliquots
of magnetically stirred cell suspensions at 37 °C using a ﬂuorescence
spectrophotometer (Varian Ltd., Madrid, Spain) with excitation
wavelengths of 340 and 380 nm and emission at 505 nm. Changes
in [Ca2+]c were monitored using the fura-2 340/380 ﬂuorescence
ratio and calibrated according to the method of Grynkiewicz and
coworkers [16]. Ca2+ release after treatment with different agents
was estimated using the integral of the rise in [Ca2+]c for 2.5 min after
its addition, taking a sample every second, andwas expressed as nM·s
as described previously [17].2.4. Determination of changes in free calcium concentration in the stores
([Ca2+]s)
Cells were permeabilized by irreversible electroporation per-
formed at 0.2 kV/cm at a setting of 25-microfarad capacitance and
was achieved by one pulse using a Bio-Rad Gene Pulser Xcell
electroporation system (Bio-Rad). Following electroporation, cells
were incubated at 37 °C with 5 μM fura-FF/AM and pluronic F-127
(0.025%) for 1 h. Cells were then collected by centrifugation at 150×g
for 4 min and resuspended in modiﬁed intracellular solution contain-
ing (in mM): 20 NaCl, 10 HEPES-KOH, 120 KCl, 1.13 MgCl2, 500 μM
CaCl2, pH 7.2 [18]. Irreversible permeabilization allowed clearance of
cytosolic fura-FF. Fluorescence was recorded from 1 mL aliquots of
magnetically stirred cell suspensions at 37 °C using a ﬂuorescence
spectrophotometer with excitation wavelengths of 340 and 380 nm
and emission at 505 nm. Changes in [Ca2+]s weremonitored using the
fura-FF 340/380 ﬂuorescence ratio.
2.5. RNA extraction and PCR
Total RNA extraction from MEG01 cells was prepared with Nucleo
Spin® RNA II kits (Macherey-Nagel EURL, Hoerdt, France) and 2,5 μg
was reverse transcribed using Ready-to-goTM kit (GE Healthcare,
Aulnay sous Bois, France). Gene speciﬁc primers were used to amplify
mRNA by PCR on a Mastercycler EPGradient S (Eppendorf, Hamburg,
Germany) using the followings conditions: Touch Down-PCR (TD-
PCR) was performed for 10 cycle with annealing temperature
decrement from 65 to 55 °C. PCR was conducted for 20 cycles, each
consisting of successive periods of denaturation at 95 °C for 1 min,
annealing at 55 °C for 1 min and extension at 72º for 1 min. GAPDH
ampliﬁcations were used as internal RNA controls. PCR products were
visualized on ethidium bromide stained 2% agarose gels. The
following human forward and reverse primer sequences were used
for PCR analysis (Eurogenetec, Angers, France): TPC1 sense: 5′-GCA
TTT TCC TGG TGG ACT GT-3′; TPC1 antisense: 5′-AGA CTC AGG CAG
GTT CTG GA-3′; TPC2 sense: 5′-GGT GGT GTC TCT GGT GGA CT-3′;
TPC2 antisense: 5′-GGA GTA GGA GGG CAT CAT CA-3′; GAPDH sense:
5′-CCT GCT TCA CCA CCT TCT TG-3′; GAPDH antisense: 5′-ATC ACC
ATC TTC CAG GAC CC-3′.
2.6. Isolation of lysosomal-derived acidic stores
MEG01 cell fractions were prepared by immunomagnetic sorting
as described previously [19]. Brieﬂy, cells were homogenized and the
homogenatewas incubated for 1.5 h at 4 °Cwith anti-LAMP2 antibody
in 1:100 dilution in PBS supplemented with 1×protease inhibitors.
Ultracentrifuge 30 min at 100,000×g at 4 °C, resuspend in 1 mL of
PBS, add 50 μl Dynabeads panmouse IgG and incubate for 1.5 h at 4 °C
to form the Dynabead-antibody-organelle complex. This complex is
extracted by a magnet. Separation of the Dynabead–antibody–
organelle-complex is achieved by SDS elution.
2.7. Western blotting
Samples were resolved by 10% SDS-PAGE and separated proteins
were electrophoretically transferred onto nitrocellulose membranes
for subsequent probing. Blots were incubated overnight with 10% (w/
v) BSA in tris-buffered saline with 0.1% Tween 20 (TBST) to block
residual protein binding sites. Immunodetection of PDI, SERCA3,
LAMP-2, cathepsin D, TPC1 and TPC2 was achieved using anti-PDI,
anti-SERCA3, anti-LAMP-2, anti-cathepsin D, anti-TPC1 and anti-TPC2
antibodies diluted 1:250 in TBST for 2 h. The primary antibody was
removed and blots were washed six times for 5 min each with TBST.
To detect the primary antibody, blots were incubated for 45 min with
the appropriate horseradish peroxidase-conjugated secondary anti-
body diluted 1:10000 in TBST and then exposed to enhanced
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photographic ﬁlms. The density of bands on the ﬁlm was measured
using scanning densitometry.
2.8. Statistical analysis
Analysis of statistical signiﬁcance was performed using Student's
t-test. Pb0.05 was considered to be signiﬁcant for a difference.
3. Results
3.1. TBHQ releases Ca2+ from acidic Ca2+ stores in MEG01 cells
In eukaryotes, the acidic stores have been mostly identiﬁed in
lysosomes and lysosome-related organelles. Therefore, we haveFig. 1. Expression of SERCA3 in acidic Ca2+ stores and concentration-dependent effect of TB
immunomagnetic sorting using anti-LAMP2 antibody as described in Material and methods
SDS-PAGE and subsequent Western blotting with speciﬁc anti-PDI (A), anti-cathepsin D (
experiment representative of 4 others. Molecular masses indicated on the right were deter
treated with various concentrations of TBHQ (1–100 μM) in a Ca2+-free medium (250 μM
methods. Traces are representative of six independent experiments. Histograms representinvestigated the location of SERCA3 in the lysosomal fraction in
MEG01 cells by using the speciﬁc marker for lysosomes and lysosome-
related organelles, LAMP2 . Speciﬁcity of the isolation of lysosomes
and dense granules was supported by the lack of detection of the ER
marker Protein Disulphide Isomerase (PDI) in the lysosomal fraction,
where cathepsin D and LAMP2 were selectively detected (Fig. 1A-C).
As shown in Fig. 1D, Western blotting reveals selective expression of
SERCA3 in the lysosomal fraction in MEG01 cells.
Treatment of MEG01 cells with increasing concentrations of TBHQ
(1–100 μM), a SERCA3 inhibitor, resulted in a sustained and
concentration-dependent Ca2+ release from intracellular stores. As
shown in Fig. 1, Ca2+ release was detectable at 1 μM TBHQ, and we
obtained the higher Ca2+ release after adding TBHQ 20 μM.
We have further investigated the source of Ca2+ released by TBHQ
in MEG01 cells. In human platelets, two Ca2+ stores have beenHQ on Ca2+ release in MEG01 cells. A-D, Lysosome-related organelles were isolated by
. The lysosomal fraction (L) and the non-lysosomal fraction (NL) were subjected to 10%
B), anti-LAMP2 (C) or anti-SERCA3 (D) antibody. The panel shows results from one
mined using molecular-mass markers run in the same gel. E and F, MEG01 cells were
EGTA was added). Changes in [Ca2+]c were determined as described in Material and
TBHQ-evoked Ca2+ release determined as described in Material and methods.
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concentrations of TG, and the acidic stores, sensitive to TBHQ [20,21].
Treatment of MEG01 cells with 10 nM TG resulted in a transient
increase in [Ca2+]c (Fig. 2A). TG-evoked response was unaffected by
prior treatment with either the mitochondrial uncoupler rotenone in
the presence of oligomycin in combination with H+/K+ ionophore
nigericin (Fig. 2B and G) or the V-type H+-ATPase selective inhibitor
baﬁlomycin A1 (Fig. 2C and G), thus suggesting that low concentra-
tions of TG are unable to release Ca2+ from mitochondria or acidic
stores. In contrast, treatment with nigericin, in the presence rotenone
and oligomycin, prevented TBHQ-induced Ca2+ release (Fig. 2E vs. D
and Fig. 2H; pb0.05). The release of Ca2+ from acidic stores was
conﬁrmed by using baﬁlomycin A1, which abolished TBHQ induced
Ca2+ mobilization (Fig. 2F and H; pb0.05).
Acidic Ca2+ stores have been reported to include lysosomes and
lysosome-related organelles [22]. To further investigate whether
lysosomes are acidic Ca2+ stores in MEG01 cells we used GPN, a
substrate of lysosomal cathepsin C, whose cleavage causes the lysis of
the lysosomes by osmotic swelling [23,24]. As shown in Fig. 3B and D,
treatment of MEG01 cells for 10 min with 50 μM GPN resulted in a
slow and sustained increase in [Ca2+]c due to Ca2+ efﬂux from
disrupted lysosomes. GPN did not alter TG-evoked Ca2+ release from
intracellular stores (Fig. 3B vs. A); however, treatment with GPNFig. 2. TBHQ releases Ca2+ from acidic stores in MEG01 cells. Cells were suspended in HBS
oligomycin combined with 10 μM rotenone followed by treatment with 10 μM nigericin (B
(A and B) or 20 μM TBHQ (D and E). C and F, MEG01 cells were treated with 1 μMbaﬁlomycin
represent Ca2+ release stimulated by TG or TBHQ, as indicated, in the absence or presence osigniﬁcantly reduced TBHQ-induced Ca2+ release by 90% (Fig. 3D vs.
C; pb0.05), thus conﬁrming that TBHQ releases Ca2+ from lysosomal
acidic stores in MEG01 cells.
3.2. NAADP releases Ca2+ from acidic stores in MEG01 cells through the
TPC1 and TPC2 channels
The two-pore channel (TPC) has recently emerged as a novel
intracellular calcium release channel activated by NAADP. Using RT-
PCR we have found that TPC1 and TPC2 mRNA are expressed in the
human megakaryoblastic cell line MEG01 (Fig. 4). Hence, we have
investigated the effect of NAADP on Ca2+ mobilization from
intracellular stores in MEG01 cells. MEG01 cells were permeabilized
by irreversible electroporation to facilitate NAADP entry, and then
incubated with fura-FF as previously described [21]. As shown in
Fig. 5A and B, both 10 nM TG and 20 μMTBHQ caused a decrease in the
fura-FF ﬂuorencence ratio due to the release of Ca2+ from internal
stores. Treatment of MEG01 cells with 100 nMNAADP rapidly reduced
the fura-FF ﬂuorescence ratio due to the mobilization of Ca2+ through
the activation of the TPCs (Fig. 5C). NAADP-stimulated response was
abolished by prior treatment with TBHQ (Fig. 5D) or baﬁlomycin A1
(1 μM; Fig. 5E), thus indicating that NAADP releases Ca2+ from acidic
organelles in MEG01 cells.and at the time of experiment 250 μM EGTA was added. Cells were treated with 10 μM
and E) or the vehicles (A and D). Four min later cells were stimulated with 10 nM TG
A1 followed by stimulation with 10 nM TG (C) or 20 μMTBHQ (F). G and H, histograms
f nigericin or baﬁlomycin A1. Traces are representative of six independent experiments.
Fig. 3. TBHQ releases Ca2+ from lysosomal stores in MEG01 cells. Cells were suspended in Ca2+-free HBS and then preincubated with 50 μM GPN (B and D) or the vehicle (A and C).
Cells were then stimulated with TG 10 nM (A and B) or 20 μM TBHQ (C and D). E and F, histograms represent Ca2+ release stimulated by TG or TBHQ, as indicated, in the absence or
presence of GPN. Traces are representative of six independent experiments.
Fig. 4. Expression of TPC1 and TPC2 in MEG01 cells. Total RNA was isolated as described
in Material and methods. RT-PCR showing the expression of TPC1 and TPC2 mRNAs
after 20 TD-PCR cycles using the primers indicated in Material and methods. mRNA
GAPDH expression was used as control.
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mediated by the TPC1 and TPC2 channels, as recently described
[11,12,25], by using TPC1 and TPC2 expression silencing or over-
expression. As shown in Fig. 6K and L, top panel, shTPC1 and shTPC2
reduced signiﬁcantly the amount of these proteins detected in MEG01
cells by 79 and 83%, respectively, as compared with controls or
scramble RNA. Western blotting with anti-actin antibody revealed a
similar amount of protein in all lanes (Fig. 6K and L, bottom panels).
Our results indicate that shTPC1 and shTPC2 signiﬁcantly reduced
NAADP-evoked Ca2+ release by 77 and 70%, respectively, as compared
to treatment with scRNA (Figs. 6D and F vs. Fig. 6B; pb0.05; n=3).
Conversely, TPC1 and TPC2 overexpression signiﬁcantly enhanced
TPC1 and TPC2 detecting by Western blotting by 58 and 79%,
respectively, and increased NAADP-stimulated Ca2+ release by 33
and 28%, respectively, as compared to cells treated with empty vector
(Figs. 6H and J; pb0.05; n=3). In order to test whether cell
transfection altered the amount of Ca2+ accumulated in the
intracellular stores, we performed a series of experiments using
1 μM TG, which at high concentrations effectively inhibits all SERCA
isoforms [26,27], thus discharging the agonist-sensitive Ca2+ com-
partments. We have found that cell transfection with the TPC
plasmids was without effect on TG-induced Ca2+ release, thus
Fig. 5.NAADP releases Ca2+ from TBHQ-sensitive stores in permeabilizedMEG01 cells. MEG01 cells were permeabilized by irreversible electroporation and loadedwith fura-FF. Cells
were then treatedwith TG (10 nM; A), TBHQ (20 μM; B), NAADP (100 nM; C), TBHQ (20 μM) followed by NAADP (100 nM; D) or baﬁlomycin A1 (1 μM) followed by NAADP (100 nM;
E). Changes in [Ca2+]s were monitored using the fura-FF 340/380 ﬂuorescence ratio. Traces shown are representative of four separate experiments.
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Ca2+ content of any agonist-releasable Ca2+ stores in MEG01 cells
(Fig. 6C, E, G and I vs. Fig. 6A).
3.3. Ca2+-induced Ca2+ release in MEG01 cells
We have previously reported (Fig. 2) that low concentrations of TG
and TBHQ release Ca2+ from separate Ca2+ stores in MEG01 cells.
Hence, we have now investigated whether Ca2+ efﬂux from one Ca2+
compartment induces Ca2+ release from the complentary store, a
mechanism known as Ca2+-induced Ca2+ release (CICR). As shown in
Fig. 7, treatment with 10 nM TG signiﬁcantly attenuates Ca2+ release
from the acidic stores by TBHQ (20 μM; pb0.05). Similarly, depletion
of the acidic stores using TBHQ signiﬁcantly reduced TG-evoked Ca2+
release from non-acidic Ca2+ stores (Fig. 8; pb0.05). These ﬁndings
suggest that the CICR mechanism might be present in MEG01 cells.
CICR has been reported to amplify Ca2+ signals by recruiting Ca2+
sensitive intracellular receptors. All three types of ryanodine re-
ceptors (RyRs) show CICR activity [28] and MEG01 have been
reported to express the RyR3 [29]. Therefore, we have investigatedthe effect of ryanodine in Ca2+ mobilization in MEG01 cells.
Treatment of MEG01 cells with 100 nM ryanodine, a concentration
that has been demonstrated to cause the opening of the ryanodine
channels [30], induces an increase in [Ca2+]c (Figs. 9B, 8D and F). In
the presence of ryanodine, Ca2+ release induced by 10 nM TG was
partially inhibited by 16% (Fig. 9C vs. Fig. 9A; pb0.05). Similarly, we
found that Ca2+ release from the acidic stores induced by 20 μMTBHQ
or 1 μM baﬁlomycin A1 was attenuated by prior treatment with 100
nM ryanodine by 48% and 41%, respectively (Figs. 9D vs. C and F vs. E;
pb0.05). In addition, treatment with 100 nM ryanodine attenuated
NAADP-evoked Ca2+ release (Fig. 9H vs 9G). These ﬁndings suggest
that ryanodine receptors are present in acidic and non-acidic Ca2+
stores in MEG01 cells.
To further investigate whether the inhibition of Ca2+ release from
the acidic and non-acidic stores upon previous discharge of the
complementary Ca2+ compartment can be attributed to RyR-
mediated CICR, we repeated the experiments shown in Figs. 6 and 7
in the presence of a high concentration of ryanodine (100 μM), which
has been reported to inhibit Ca2+ release from the ryanodine channels
[31]. In the presence of 100 μM ryanodine Ca2+ release by TBHQ was
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TG-evoked Ca2+ release was comparable in the absence and presence
of TBHQ (Fig. 10), thus suggesting that CICR in MEG01 cells was
mediated by the RyRs.
4. Discussion
Previous studies have demonstrated the absence of CICR from the
dense tubular systemmembranes in human platelets [32], and similar
results have been reported for their precursors, megakaryocytes,
which have been shown to be insensitive to procaine and ryanodine,Fig. 6. TPC1 and TPC2 expression silencing and overexpressionmodify NAADP-induced Ca2+
TPC2 shRNA, wild-type TPC1 and TPC2 or empty vector (Control), as indicated. Cells were p
treated with TG (1 μM) or NAADP (100 nM). Changes in [Ca2+]s were monitored using the fu
experiments. (K and J)MEG01 cells were transiently transfectedwith scramble RNA (scRNA),
left untreated (Control). Western blotting was performed with speciﬁc anti-TPC1 (K), anti-T
one experiment representative of 2 others. Molecular masses indicated on the right were dtwo well known blockers of typical CICR [33]. Here, we show for the
ﬁrst time CICR in cells of the megakaryoblastic lineage, the human
megakaryoblastic cell line MEG01. MEG01 cells have been reported to
express the type 3 RyR [29] and our results indicate that RyR receptors
are likely expressed both in TBHQ-sensitive acidic Ca2+ stores and in
TBHQ-insensitive stores. Our results are based on the ﬁndings that
discharge of the TBHQ-sensitive store results in RyR-mediated Ca2+
efﬂux from the TBHQ-insensitive store and vice versa.
Wehave found that TBHQand lowconcentrations of TG release Ca2+
from separate Ca2+ compartments. Ca2+ efﬂux from intracellular
stores induced by low concentrations (10 nM) TG was insensitive torelease. (A-J) MEG01 cells were transiently transfected with scramble RNA, TPC1 shRNA,
ermeabilized by irreversible electroporation and loaded with fura-FF. Cells were then
ra-FF 340/380 ﬂuorescence ratio. Traces shown are representative of three independent
TPC1 shRNA (shTPC1), TPC2 shRNA (shTPC2), wild-type TPC1 (TPC1) and TPC2 (TPC2) or
PC2 (L) antibody or anti-actin antibody (bottom panels). The panel shows results from
etermined using molecular-mass markers run in the same gel.
Fig. 6 (continued).
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ATPase selective inhibitor baﬁlomycin A1, while both agents impaired
Ca2+ mobilization induced by TBHQ. Treatment with nigericin and
baﬁlomycin A1 are likely to induce a sustained increase in [Ca2+]c as
the driving force that maintains Ca2+ accumulated into the acidic
organelles is dissipated [34]. In addition, treatment with GPN, at a
concentration that induces osmotic lysis of lysosomes in human
platelets [20], results in a clear attenuation of TBHQ-induced Ca2+
release from internal stores,while had no effect on TG-evoked response.
The effect of nigericin, baﬁlomycin A1 or GPN cannot be attributed to
Ca2+ chelation or to the impairment of fura-2-Ca2+ binding, since
TG-induced response was unaffected by these agents. Although
speculative, the selective discharge of acidic or non-acidic stores by
TBHQ and low concentrations of TG are likely attributed to the speciﬁc
expression of different SERCA isoforms in these stores. In human
platelets, two different SERCA isoforms, SERCA2b and SERCA3, have
been shown to be distributed separately in the DTS and the acidic Ca2+
stores, respectively [27,35,36]. The SERCA2b isoform has been reported
to be inhibited by low concentrations of TG [35], and is insensitive to
TBHQ [27], while SERCA3 shows a low sensitivity to TG [37,38] but
is sensitive to TBHQ [27]. Our results indicate that TBHQ-sensitive
SERCA3 isoform is selectively expressed in the lysosomal-related acidicstores in MEG01 cells. Thus, the DTS and the acidic stores can be
selectively discharge by using low concentrations of TG or TBHQ,
respectively, as reported in human platelets [20,21,39].
Store overlapping has been described in different cell types,
including human platelets and pancreatic acinar cells, where reload-
ing of the dense tubular system or the ER is based on the activity of
SERCA, and that of the acidic Ca2+ compartments depends on the H+
gradient generated by the vacuolar H+-ATPase and SERCA or on the
H+ gradient alone, respectively [5,20,40].
Here we describe for the ﬁrst time that the Ca2+ mobilizing
messenger NAADP releases Ca2+ from acidic compartments through
TPC1 and TPC2 gating in MEG01 cells, which, to our knowledge, this is
the ﬁrst description of TPC expression in the megakaryoblastic
lineage. We have investigated NAADP-induced Ca2+ release from
intracellular stores by using the fura-2 derivative, low-afﬁnity (Kd
~5.5 μM) Ca2+ indicator, fura-FF, which has been shown to be
particularly useful for functional characterization of intracellular Ca2+
stores [41,42]. Despite NAADP has been reported to induce intralum-
inal alkalinization [43,44], the changes in fura-FF ﬂuorescence
induced by NAADP are unlikely attributed to changes in intraluminal
pH, since, although there is no direct evidence in fura-FF, pH
variations over a reasonable range of intracellular values have been
Fig. 7. Depletion of the TG-sensitive store discharges the TBHQ-sensitive compartment in MEG01 cells. Cells were suspended in Ca2+-free HBS and then stimulated with TBHQ
(20 μM; A) or TG (10 nM) followed by addition of 20 μM TBHQ (B). C, histograms represent Ca2+ release stimulated by TBHQ previous treatment with TG or the vehicle. Traces are
representative of six independent experiments.
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bound fura-2 (fura-FF is a fura-2 derivative) or the effective Ca2+
dissociation constant [16]. Our results demonstrate expression of
TPC1 and TPC2 in MEG01 cells, which are likely located in the acidic
stores, since pretreatment with TBHQ and baﬁlomycin A1 impaired
NAADP-induced Ca2+ release from intracellular stores. We haveFig. 8.Depletion of the TBHQ-sensitive store discharges the TG-sensitive Ca2+ pool inMEG01
TBHQ (20 μM) followed by addition of 10 nM TG (B). C, histograms represent Ca2+ release st
of six independent experiments.previously demonstrated that NAADP releases Ca2+ from intracellular
compartments in permeabilized human platelets [21] and later on
NAADP has been found to play a relevant role for platelet granule
secretion and aggregation [45]; however, at present TPC expression
has not been demonstrated in these cells. We have found that TPC1
and TPC2 expression silencing impairs NAADP-induced Ca2+ release,cells. Cells were suspended in Ca2+-free HBS and then stimulatedwith TG (10 nM; A) or
imulated by TG previous treatment with TBHQ or the vehicle. Traces are representative
Fig. 9. Low concentrations of ryanodine release Ca2+ from TG-sensitive and acidic Ca2+ stores in MEG01 cells. Cells were suspended in Ca2+-free HBS and then preincubated with
100 nM ryanodine (B, D and F) or the vehicle (A, C and E). Cells were then stimulated with 10 nM TG (A and B), 20 μM TBHQ (C and D) or 1 μM baﬁlomycin A1 (E and F). G and H,
MEG01 cells were permeabilized by irreversible electroporation and loaded with fura-FF. Cells were then treated with NAADP (100 nM; G) or ryanodine (100 nM) followed by
NAADP (100 nM; D). Changes in [Ca2+]s were monitored using the fura-FF 340/380 ﬂuorescence ratio. Traces shown are representative of four separate experiments.
1492 N. Dionisio et al. / Biochimica et Biophysica Acta 1813 (2011) 1483–1494while TPC1, as well as TPC2, overexpression reported opposite results;
thus suggesting that TPC1 and TPC2 mediate NAADP-induced Ca2+
release.
In summary, our results demonstrate for the ﬁrst time the
existence of two separate Ca2+ compartments in the megakaryo-
blastic cell line MEG01 with different properties and mechanisms to
accumulate Ca2+, a non-acidic Ca2+ compartment, that is likely theER, and an acidic lysosomal-like Ca2+ compartment. In addition, our
ﬁndings demonstrate the expression of TPC1 and TPC2 in a cell of the
megakaryoblastic lineage, which mediate NAADP-induced Ca2+
mobilization from the acidic compartments in these cells. The
identiﬁcation of the physiological agonists stimulating NAADP
generation, as well as the biochemical pathways involved deserve
further studies.
Fig. 10. High concentrations of ryanodine prevents CICR in MEG01 cells. A and B, cells were suspended in a Ca2+-free HBS and then preincubated for 5 min with 100 μM ryanodine.
Cells were then stimulated with 10 nM TG followed by addition of 20 μM TBHQ (A) or with 20 μM TBHQ followed by addition of 10 nM TG. Histograms represent TG- (C) or TBHQ-
(D) evoked Ca2+ release in cells preincubated in the absence or presence of either 20 μM TBHQ alone or in combination with 100 μM ryanodine (C) or 10 nM TG alone or in
combination with 100 μM ryanodine (D), as indicated. * pb0.05 compared to the response observed in untreated cells.
1493N. Dionisio et al. / Biochimica et Biophysica Acta 1813 (2011) 1483–1494Acknowledgments
This study is supported by MICINN grant BFU2010-21043-C02-01
and Junta de Extremadura-FEDER grant GR10010. N.D. held a
fellowship from Junta de Extremadura (PRE09020). We also thank
Dr. Patel for kindly providing plasmids.References
[1] A. Verkhratsky, Physiology and pathophysiology of the calcium store in the
endoplasmic reticulum of neurons, Physiol. Rev. 85 (2005) 201–279.
[2] J.M. Cancela, Speciﬁc Ca2+ signaling evoked by cholecystokinin and acetylcholine:
the roles of NAADP, cADPR, and IP3, Annu. Rev. Physiol. 63 (2001) 99–117.
[3] M.J. Berridge, Inositol trisphosphate and calcium signalling mechanisms, Biochim.
Biophys. Acta 1793 (2009) 933–940.
[4] J.M. Cancela, O.V. Gerasimenko, J.V. Gerasimenko, A.V. Tepikin, O.H. Petersen, Two
different but converging messenger pathways to intracellular Ca2+ release: the
roles of nicotinic acid adenine dinucleotide phosphate, cyclic ADP-ribose and
inositol trisphosphate, EMBO J. 19 (2000) 2549–2557.
[5] J.V.Gerasimenko, Y.Maruyama, K. Yano, N.J. Dolman, A.V. Tepikin, O.H. Petersen, O.V.
Gerasimenko, NAADP mobilizes Ca2+ from a thapsigargin-sensitive store in the
nuclear envelope by activating ryanodine receptors, J. Cell Biol. 163 (2003) 271–282.
[6] P. Pinton, T. Pozzan, R. Rizzuto, The Golgi apparatus is an inositol 1,4,5-
trisphosphate-sensitive Ca2+ store, with functional properties distinct from
those of the endoplasmic reticulum, EMBO J. 17 (1998) 5298–5308.
[7] J.V. Gerasimenko, S.E. Flowerdew, S.G. Voronina, T.K. Sukhomlin, A.V. Tepikin, O.H.
Petersen, O.V. Gerasimenko, Bile acids induce Ca2+ release from both the
endoplasmic reticulum and acidic intracellular calcium stores through activation
of inositol trisphosphate receptors and ryanodine receptors, J. Biol. Chem. 281
(2006) 40154–40163.
[8] R.S. Ginger, S.E. Askew, R.M. Ogborne, S. Wilson, D. Ferdinando, T. Dadd, A.M.
Smith, S. Kazi, R.T. Szerencsei, R.J. Winkfein, P.P. Schnetkamp, M.R. Green,
SLC24A5 encodes a trans-Golgi network protein with potassium-dependent
sodium-calcium exchange activity that regulates human epidermal melanogen-
esis, J. Biol. Chem. 283 (2008) 5486–5495.
[9] H.I. Krieger-Brauer, M. Gratzl, Effects of monovalent and divalent cations on Ca2+
ﬂuxes across chromafﬁn secretory membrane vesicles, J. Neurochem. 41 (1983)
1269–1276.
[10] H.C. Lee, R. Aarhus, A derivative of NADP mobilizes calcium stores insensitive to
inositol trisphosphate and cyclic ADP-ribose, J. Biol. Chem. 270 (1995) 2152–2157.[11] P.J. Calcraft, M. Ruas, Z. Pan, X. Cheng, A. Arredouani, X. Hao, J. Tang, K. Rietdorf, L.
Teboul, K.T. Chuang, P. Lin, R. Xiao, C.Wang, Y. Zhu, Y. Lin, C.N.Wyatt, J. Parrington, J.
Ma, A.M. Evans, A. Galione, M.X. Zhu, NAADP mobilizes calcium from acidic
organelles through two-pore channels, Nature 459 (2009) 596–600.
[12] E. Brailoiu, D. Churamani, X. Cai, M.G. Schrlau, G.C. Brailoiu, X. Gao, R. Hooper, M.J.
Boulware, N.J. Dun, J.S. Marchant, S. Patel, Essential requirement for two-pore
channel 1 in NAADP-mediated calcium signaling, J. Cell Biol. 186 (2009) 201–209.
[13] M.Ruas,K.Rietdorf,A.Arredouani, L.C.Davis, E. Lloyd-Evans,H.Koegel, T.M. Funnell, A.J.
Morgan, J.A. Ward, K. Watanabe, X. Cheng, G.C. Churchill, M.X. Zhu, F.M. Platt, G.M.
Wessel, J. Parrington, A. Galione, Puriﬁed TPC isoforms form NAADP receptors with
distinct roles for Ca2+ signaling and endolysosomal trafﬁcking, Curr. Biol. 20 (2010)
703–709.
[14] E. Brailoiu, R. Hooper, X. Cai, G.C. Brailoiu, M.V. Keebler, N.J. Dun, J.S. Marchant, S.
Patel, An ancestral deuterostome family of two-pore channels mediates nicotinic
acid adenine dinucleotide phosphate-dependent calcium release from acidic
organelles, J. Biol. Chem. 285 (2010) 2897–2901.
[15] S. Patel, J.S. Marchant, E. Brailoiu, Two-pore channels: regulation by NAADP and
customized roles in triggering calcium signals, Cell Calcium 47 (2010) 480–490.
[16] G. Grynkiewicz, M. Poenie, R.Y. Tsien, A new generation of Ca2+ indicators with
greatly improved ﬂuorescence properties, J. Biol. Chem. 260 (1985) 3440–3450.
[17] I. Jardin, N. Ben Amor, A. Bartegi, J.A. Pariente, G.M. Salido, J.A. Rosado, Differential
involvement of thrombin receptors in Ca2+ release from two different
intracellular stores in human platelets, Biochem. J. 401 (2007) 167–174.
[18] P.C. Redondo, M.T. Harper, J.A. Rosado, S.O. Sage, A role for coﬁlin in the activation
of store-operated calcium entry by de novo conformational coupling in human
platelets, Blood 107 (2006) 973–979.
[19] H. Zbidi, I. Jardin, G.E. Woodard, J.J. Lopez, A. Berna-Erro, G.M. Salido, J.A. Rosado,
STIM1 and STIM2 are located in the acidic Ca2+ stores and associates with orai1
upon depletion of the acidic stores in human platelets, J. Biol. Chem. 286 (2011)
12257–12270.
[20] J.J. Lopez, C. Camello-Almaraz, J.A. Pariente, G.M. Salido, J.A. Rosado, Ca2+
accumulation into acidic organelles mediated by Ca2+- and vacuolar H+-ATPases
in human platelets, Biochem. J. 390 (2005) 243–252.
[21] J.J. Lopez, P.C. Redondo, G.M. Salido, J.A. Pariente, J.A. Rosado, Two distinct Ca2+
compartments show differential sensitivity to thrombin, ADP and vasopressin in
human platelets, Cell. Signal. 18 (2006) 373–381.
[22] E.C. Dell´ Angelica, C. Mullins, S. Caplan, Lysosome-related organelles, FASEB J. 14
(2000) 1265–1278.
[23] M. Jadot, C. Colmant, S. Wattiaux-De Coninck, R. Wattiaux, Intralysosomal
hydrolysis of glycyl-L-phenylalanine 2-naphthylamide, Biochem. J. 219 (1984)
965–970.
[24] M. Yamasaki, R. Masgrau, A.J. Morgan, G.C. Churchill, S. Patel, S.J. Ashcroft, A.
Galione, Organelle selection determines agonist-speciﬁc Ca2+ signals in pancre-
atic acinar and beta cells, J. Biol. Chem. 279 (2004) 7234–7240.
1494 N. Dionisio et al. / Biochimica et Biophysica Acta 1813 (2011) 1483–1494[25] R. Hooper, D. Churamani, E. Brailoiu, C.W. Taylor, S. Patel, Membrane topology of
NAADP-sensitive two-pore channels and their regulation by N-linked glycosyl-
ation, J. Biol. Chem. 286 (2011) 9141–9149.
[26] B. Papp, A. Enyedi, T. Kovacs, B. Sarkadi, F. Wuytack, O. Thastrup, G. Gardos, R.
Bredoux, S. Levy-Toledano, J. Enouf, Demonstration of two forms of calcium
pumps by thapsigargin inhibition and radioimmunoblotting in platelet mem-
brane vesicles, J. Biol. Chem. 266 (1991) 14593–14596.
[27] B. Papp, A. Enyedi, K. Paszty, T. Kovacs, B. Sarkadi, G.Gardos, C.Magnier, F.Wuytack, J.
Enouf, Simultaneous presence of two distinct endoplasmic-reticulum-type calcium-
pump isoforms in human cells. Characterization by radio-immunoblotting and
inhibition by 2,5-di-(t-butyl)-1,4-benzohydroquinone, Biochem. J. 288 (Pt 1) (1992)
297–302.
[28] M. Endo, Calcium-induced calcium release in skeletal muscle, Physiol. Rev. 89
(2009) 1153–1176.
[29] E. Hosoi, C. Nishizaki, K.L. Gallagher, H.W. Wyre, Y. Matsuo, Y. Sei, Expression of
the ryanodine receptor isoforms in immune cells, J. Immunol. 167 (2001)
4887–4894.
[30] S.P.H. Alexander, A. Mathie, J.A. Peters, Guide to receptors and channels, Br. J.
Pharmacol. 147 (2006) S117.
[31] G. Meissner, Ryanodine activation and inhibition of the Ca2+ release channel of
sarcoplasmic reticulum, J. Biol. Chem. 261 (1986) 6300–6306.
[32] S.E. Adunyah, W.L. Dean, Ca2+ transport in human platelet membranes. Kinetics
of active transport and passive release, J. Biol. Chem. 261 (1986) 3122–3127.
[33] H. Uneyama, C. Uneyama, N. Akaike, Intracellular mechanisms of cytoplasmic Ca2+
oscillation in rat megakaryocyte, J. Biol. Chem. 268 (1993) 168–174.
[34] K.A. Christensen, J.T. Myers, J.A. Swanson, pH-dependent regulation of lysosomal
calcium in macrophages, J. Cell Sci. 115 (2002) 599–607.
[35] L. Cavallini, M. Coassin, A. Alexandre, Two classes of agonist-sensitive Ca2+ stores
in platelets, as identiﬁed by their differential sensitivity to 2,5-di-(tert-butyl)-1,4-
benzohydroquinone and thapsigargin, Biochem. J. 310 (Pt 2) (1995) 449–452.[36] T. Kovacs, G. Berger, E. Corvazier, K. Paszty,A. Brown,R. Bobe, B. Papp, F.Wuytack, E.M.
Cramer, J. Enouf, Immunolocalization of themulti-sarco/endoplasmic reticulumCa2+
ATPase system in human platelets, Br. J. Haematol. 97 (1997) 192–203.
[37] R. Bobe, R. Bredoux, F. Wuytack, R. Quarck, T. Kovacs, B. Papp, E. Corvazier, C.
Magnier, J. Enouf, The rat platelet 97-kDa Ca2+ATPase isoform is the sarcoendo-
plasmic reticulum Ca2+ATPase 3 protein, J. Biol. Chem. 269 (1994) 1417–1424.
[38] F. Wuytack, B. Papp, H. Verboomen, L. Raeymaekers, L. Dode, R. Bobe, J. Enouf, S.
Bokkala, K.S. Authi, R. Casteels, A sarco/endoplasmic reticulum Ca2+-ATPase 3-
type Ca2+ pump is expressed in platelets, in lymphoid cells, and in mast cells,
J. Biol. Chem. 269 (1994) 1410–1416.
[39] J.A. Rosado, J.J. Lopez, A.G. Harper, M.T. Harper, P.C. Redondo, J.A. Pariente, S.O.
Sage, G.M. Salido, Two pathways for store-mediated calcium entry differentially
dependent on the actin cytoskeleton in human platelets, J. Biol. Chem. 279 (2004)
29231–29235.
[40] N.P. Kinnear, F.X. Boittin, J.M. Thomas,A.Galione, A.M. Evans, Lysosome-sarcoplasmic
reticulum junctions. A trigger zone for calcium signaling by nicotinic acid adenine
dinucleotide phosphate and endothelin-1, J. Biol. Chem. 279 (2004) 54319–54326.
[41] A.M. Hofer, Measurement of free [Ca2+] changes in agonist-sensitive internal
stores using compartmentalized ﬂuorescent indicators, Methods Mol. Biol. 312
(2006) 229–247.
[42] I. Vetter, W. Cheng, M. Peiris, B.D. Wyse, S.J. Roberts-Thomson, J. Zheng, G.R.
Monteith, P.J. Cabot, Rapid, opioid-sensitive mechanisms involved in transient
receptor potential vanilloid 1 sensitization, J. Biol. Chem. 283 (2008) 19540–19550.
[43] A.J. Morgan, A. Galione, Fertilization and nicotinic acid adenine dinucleotide
phosphate induce pH changes in acidic Ca2+ stores in sea urchin eggs, J. Biol.
Chem. 282 (2007) 37730–37737.
[44] A.J. Morgan, A. Galione, NAADP induces pH changes in the lumen of acidic Ca2+
stores, Biochem. J. 402 (2007) 301–310.
[45] M.T. Harper, A. Galione, A.W. Poole, NAADP-induced Ca2+ release is an important
regulator of platelet activation, Proc. Physiol. Soc. 11 (2008) PC132.
